Abstract. This paper presents a RELAP/SCDAPSIM MOD3.5 model of the QUENCH 12 experiment. The model uses the new heater rod model and automatic time advancement in the simulation of experiment and it is based on the basis Innovative Systems Software's input deck with 22 axial nodes.
INTRODUCTION
Reliable and safe operation of nuclear power plants (NPPs) is paramount. Therefore, the behavior of NPPs' systems as well as fuel and surrounding materials from thermal-hydraulic, physicochemical, and mechanical point of view during any accidents must be known in order to design adequate accident mitigation measures.
The most important of accident management and mitigation measures is the termination of transients and/or sequence of events which could lead to severe accidents in Light Water Reactors. This is achieved by water injection into the uncovered overheated core of a nuclear reactor. Analyses that were performed after the Three Mile Island accident and results of different in-pile and out-of-pile experiments have shown that in some cases right before water succeeds in cooling the core there could be sharp temperature increase, hydrogen production and fission products
QUENCH-12 TEST AND BUNDLE CHARACTERISTICS
QUENCH-12 was conducted at the Karlsruhe Institute of Technology on 27 September 2006 in the frame of the EC-supported ISTC program 1648.2. The experiment was proposed by KIT, RIAR Dimitrovgrad and IBRAE Moscow (Russia), supported by pretest calculations performed by PSI (Switzerland), the Kurchatov Institute Moscow (Russia), and IRSN Cadarache (France) [1, 12, 13, 17, 18] .
The QUENCH-12 test bundle is set-up to investigate the effects of VVER materials (niobium-bearing zirconium alloys) and bundle geometry (hexagonal lattice) under core reflood conditions. The QUENCH-06 test (ISP-45) with PWR materials (Zr-4 claddings) and geometry (square lattice) is chosen as a benchmark. QUENCH-12 is conducted with largely the same protocol as QUENCH-06, so that the effects of VVER characteristics could be observed more easily [1, 14, 17, 19, 20] .
Full design characteristics of the QUENCH-06 (PWR) and the QUENCH-12 (VVER) test bundles are given in detail in [1, 21, 22] .
The QUENCH-12 test bundle is approximately 2.5 m long and consists of 18 heated and 13 unheated fuel rod simulators. The total heating power is distributed between the two groups of heated rods as follows: 33% of the power is used for six inner ring fuel rod simulators and the remaining 67%in the twelve outer ring rod simulators. The simulators are held in their locations by seven grid spacers made of Zr1%Nb. The simulators' claddings are the same as those used in VVERs with respect to material and dimensions. Heated rods are filled with Ar5%Kr while unheated ones with He. The different fill gases allow observation of a first cladding failure which then can be distinguished between heated and unheated test rods. The bundle is equipped with six Zr1%Nb corner rods. Three of them are used for thermocouple instrumentation while the remaining three could be withdrawn from the bundle for checking the amounts of ZrO 2 oxidation and hydrogen uptake at pre-defined times [1, 13, 14, 17, 18, 20, 23] . Fig. 1 shows test phases during the QUENCH-12 experiment.
020019-2 FIGURE 1.Test phases [1, 13] The test starts with application of electrical power of 3.5 kW which is ramped step-wise to 9.9 kW over ~ 2300 s in order to reach the desired pre-oxidation temperature of 1473 K in a flow of 3.3 g/s argon and 3.3 g/s steam and to achieve target cladding oxidation of around 200 μm. The pre-oxidation phase continued until the test time of 6000 s. At about this time corner rod D is withdrawn to check the oxidation level. The power is then ramped at a rate of 5.1 W/s to cause a temperature increase until the desired maximum temperature before quench of 2073 K is reached. Corner rod F was withdrawn after about 900 s from the start of the transient phase, when the bundle temperature is about 1823 K at the 950 mm level. Reflood with 48 g/s of water is initiated and the electrical power is reduced to 4 kW simulating effective decay heat levels. The temperatures at elevations between 850 mm and 1050 exceed the melting temperature of β-Zr, i.e. 2033 K. The third corner rod, i.e. rod "B" is withdrawn after the test with the same intention -to check oxide levels and hydrogen absorption. All of the three corner rods exhibit strong spalling of oxide scales or so called breakaway oxidation effects [1, 13, 14, 18, 23] .
The total hydrogen generated by the test is 58 g (QUENCH-06: 36 g). During reflood 24 g of hydrogen are generated (QUENCH-06: 4g) [1, 14, 20] . Increased hydrogen generation rate in QUENCH-12 test in comparison with QUENCH-06 is generally due to extensive cladding surface failure related to breakaway oxidation and local melt formation with subsequent melt oxidation. The possible sources of increased hydrogen production can be summarized as: 1) interaction between steam and new metal surfaces appeared by spalling of oxide scales damaged because of the breakaway effect; 2) release of hydrogen absorbed in metal by breakaway; 3) moderate melt oxidation released into the space between rods [13, 14, 18, 19] .
The term breakaway stands here for the loss of protectiveness of an oxide scale due to its mechanical failure and consequently the transition to a faster oxidation kinetics. An additional safety impact of intensive breakaway oxidation may arise due to the associated accelerated hydrogen uptake and consequent material embrittlement of the E110 claddings and the E125 bundle shroud. This can lead to severe degradation of the bundle during quenching [18] .
Due to pronounced breakaway oxidation over large areas in the bundle, (1) significantly more hydrogen is absorbed during pre-quench phases in QUENCH-12 (10 g, in comparison to 2 g in QUENCH-06), and (2) significantly more hydrogen is released during quench. The axial distribution of hydrogen concentration in the metal is strongly correlated with the oxide scale morphology. FIGURE 2.Breakaway oxidation in the QUENCH-12 bundlewith E110 corner rods [4] The higher amount of hydrogen released during the quench phase of the QUENCH-12 bundle can be explained by pre-damaged oxide layers, melt oxidation, and release of previously absorbed hydrogen. Post-test examinations of the bundle show distinct spalling and relocation of oxide scales for the QUENCH-12 bundle as shown in Fig. 2 . [4] The breakaway effect is observed also for the Zyrcaloy-4 alloy but with less intensity than for the niobiumbearing alloys (E110 and E125). The temperature range between 1020 and 1370 K is typical for the development of breakaway oxidation of the E110 alloy, whereas breakaway of Zircaloy-4 occurs later and in a narrower temperature range [18] .
Generally, the oxidation of zirconium alloys is strongly dependent on composition and boundary conditions, like oxidizing atmosphere, as soon as breakaway starts [11] .
The cladding integrity is considerably decreased after the breakaway oxidation because of the steep increase of oxide thickness and hydrogen pickup by the breakaway oxidation. The oxide structure is mainly considered as an important factor to explain the breakaway oxidation kinetics of zirconium claddings because the phase transformation between tetragonal and monoclinic oxide imposes on the formation of cracks and pores in the oxide layer [5, 10] .
The introduction of new cladding materials for the fuel rods of nuclear reactors should also demand a standard method for the evaluation of ductile-to-brittle transition under LOCA conditions. The more so, several experiments have indicated significant differences in the oxidation kinetics and the mechanical behavior between different Zirconium alloys at high temperature. For this reason, specific LOCA criteria should be identified for each cladding material. [7] .
CODE USED FOR THE ANALYSIS
Based on the post-test calculations of the QUENCH experiments, the capability of the best estimate codes can be established and evaluated [24] [25] [26] [27] [28] . Here this is done by means of Reactor Excursions and Leak Analysis Program/Severe Core Damage Analysis Package Innovative Systems Software (RELAP/SCDAPSIM). The RELAP/SCDAPSIM code is being developed as part of an international nuclear technology development program called SDTP [29] . It is designed to predict the overall reactor coolant system thermal hydraulic response and core behavior during normal operational conditions as well as under design basis or severe accident conditions [28, 30, 31] . RELAP/SCDAPSIM uses the publicly available RELAP/MOD3.3 as well as SCDAP/RELAP5/MOD3.2 models developed by the US Nuclear Regulatory Commission (NRC) in a combination with proprietary advanced programing and numerical methods, user options, and models developed in frame of the International SCDAP Development and Training Program (SDTP) [28, 30, 32] .
The administrator for the SDTP program and main developer of specific models for the RELAP/SCDAPSIM is a private, limited liability company Innovative Systems Software (ISS) and their enhancements allow the code to run faster and more reliable than the original US NRC codes [30] .
In RELAP/SCDAPSIM/MOD3.5 the overall thermal hydraulics of the reactor coolant system, control system behavior, reactor kinetic as well as behavior of several special reactor system components such as valves and pumps are being calculated by the RELAP5 part of the code and its models [33] . On the other hand, the behavior of the core and vessel structures under normal as well as accident conditions is being calculated by SCDAP. The RELAP5 hydrodynamic model is a one-dimensional, transient, two-fluid model for flow of two-phase steam-water mixture that can contain non-condensable components in the steam phase and/or a soluble component in the water phase. The equations of motion (1 -6) are formulated in terms of volume and time-averaged parameters of flow [33] .
The continuity equations are:
The momentum equations for vapor and liquid phase are as follow:
The thermal energy equations are:
where: The system model can be solved numerically using semi-implicit or nearly-implicit finite difference technique.
SCDAP is the part of code that includes user-selectable reactor component models for LWR fuel rods, Ag-In-Cd and B 4 C control rods, BWR control blade/channel boxes as well as electrically heated fuel rod simulators, general vessel and core structures. SCDAP also has models to treat the later stages of severe accidents with debris and molten pool formation, debris/vessel interactions and the structural failure (creep rupture) of vessel structures [31, 32, 34] .The code uses two-dimensional heat conduction model(equation 7) for the core components and parabolic rate (equation 8) for the material oxidation. 
MODELING ASSUMPTIONS
A QUENCH 12 model based on the basis Innovative Systems Software's input deck with 22 axial nodes [33] is created. The electric heaters, simulators of fuel rods, corner rods, and shroud are represented using SCDAP components. The new heater rod model (wolfhn) [15, 16] is applied. It takes into account the actual heater rod structure and consists of tungsten heating element, inner gas-filled gap, ZrO 2 pellets, outer gas-filled gap, and cladding. The rod is described by thirteen radial rings: 3 for the tungsten heater, 1 for the inner gap, 3 for the ZrO 2 pellets, 1 for the outer gap, and 5 rings for the cladding. The conductivity increase in case of gap closure is not taken into account. The thickness of the annular ZrO 2 pellet is 1 mm smaller than that used in the experiment.
The mathematical models of new heater rod model [15, 16] are given below:
Here total P is the total input power, ( ) i P is the power per unit length, total R is the total electrical resistance, ( ) i R is the electrical resistance per unit length, and ( ) i z is the node length. The total electrical resistance is obtained as follows:
where stat R is the static electrical resistance.
The electrical resistance per unit length is calculated as: Here the temperature T is in K and specific resistivity in Ω.mm 2 /m.
The nodalization scheme of the test section is shown in Fig. 3 .It has thirty-one axial nodes.The heated part of the components is represented by 20 axial nodes with a length 0.05 m each. Spacer grids are taken into account in SCDAP model. The central unheated rod is modeled as "fuel rod" component. It is composed of UO 2 pellets in the center, a gas filled gap and a Zr1%Nb cladding. The UO 2 pellets are represented by 3 radial nodes, the gas gap by a node, and the cladding by 9 radial nodes. The six heated rods located around the central unheated rod are modeled by means of simulator component with electrical resistance equal to 2.1 mΩ. The second ring formed by 12 unheated rods is performed as a "fuel" rod component. The same radial discretization is used as for the central unheated rod. The twelve outer heaters are represented by means of a "simulator" component, which is used for modeling of electrically heated rods. The electrical resistance equal to 3.0 mΩ is defined. Corner rods are formed by "fuel" rod component. It has the following radial nodes: 1 for UO 2 , 1 for the gas gap and 9 for the cladding. The "shroud" component is used for modeling the shroud of the bundle. It consists of inner Zr2.5Nb layer, ZrO 2 insulation layer and a stainless steel layer. The inner layer made by Zirconium alloy is modeled by a radial ring. One radial node is applied for the insulator layer and 3 for the stainless steel. The space of the test section, which is filled with superheated steam and argon, is described by RELAP5 components. The inlet boundary conditions are defined by time-dependent components "001", "003" and "005" as well as by time-dependent junctions "002", "004" and "006". The lower plenum has length 0.15 m and is represented by branch component "007".The hydraulic part of the bundle is modeled by pipe component "010". It has the same axial nodalization as the corresponding part of the SCDAP components. The spacer grids are not modeled explicitly. They are taken into account by pressure loss coefficients equal to 0.001. Additional pressure loss coefficients are not used. The outlet boundary conditions for the hydraulic part of the test section are defined in time-dependent component "008".
The argon cooling jacket is modeled by pipe component "013". It has the following axial discretization:  4 nodes with length 0.075 m each representing the section lower than the heated part of facility;  18uniform nodes with length 0.05 m, one node with length 0.049 m and a node with 0.075 m for the heated length of the test section. The water part of the cooling jacket is given by pipe component "018". It is divided into six nodes with different axial length.
RELAP5 heat structure with 5 radial points is applied for the Inconel layer of the cooling jacket. Calculation with automatic time advancement is applied. The algorithm for time advancement uses semi-implicit scheme when the time step is below the Courant limit and nearly implicit when the large time step is taken [35] .
The Kurchatov Institute's modification of the MATPRO libraries for niobium containing cladding material is used.
The shattering oxidation model is used. For oxidation in steam environment Sokolov's model is applied. User defined properties are used for argon and ZrO 2 . They are taken from the basic ISS QUENCH 06 input deck developed by H. Madokoro [15] and refer to case with the properties given by the manufacturer.
RESULTS
The results show good agreement with the measured temperatures in the lower part of the test section. Up to the quench phase, there is a maximum deviation of about 100 ˚C for the simulator rods, and about 150 ˚C for the shroud. The comparison between the measured and calculated outer surface shroud temperature at elevation 650 mm is given in Fig. 4 . The predicted temperature is depicted in blue, the temperature of TSH 10/90 thermocouple is shown in red and TSH 10/270 is green. A difference of about 170 ˚C is observed at the beginning of the pre-oxidation phase, which decreases to about 100 ˚C during the transient. Excellent similarity is illustrated in the quench phase, where the shroud is cooled with a delay of 30 seconds. Such temperature behavior is seen, up to and including elevation 750 mm.After that, the temperature difference between the calculated and the measured values increases, and its maximum being at the elevation 1050 mm. The outcomes for elevation 950 mm are presented in Fig. 5 through Fig. 10 . In the pre-oxidation phase between 3500 and 4500 seconds are noticed some temperature variations (Fig. 5) , which occur only at this level. The observed effect can't be distinguished clearly. It can be a consequence of the zirconium oxide transition from monoclinic to tetragonal structure in the oxide film by oxidizing at 1600 K resulting in an increase in specific heat capacity [36] or due to computational effects. Fig. 5 and Fig. 6 present inner unheated rod central line and outer surface temperatures, in comparison with the thermocouples measurements. A good agreement with the measured data is displayed. Similar, to the observations made in [37] , there is an under-prediction of radial heat losses in the upper test section. As a result of the computed higher cladding temperature during the heat-up and pre-oxidation phases, the material phase transition temperature is reached more rapidly (which for the Sokolov's correlation is 1773 K). This in turn leads to subsequent oxidation kinetics acceleration and higher temperatures prediction. The deviation between the maximum measured and calculated inner unheated rod temperatures is about 310 ˚C.
The time history of the calculated and measured outer heated rod surface temperature at elevation 950 mm is illustrated in Fig. 7 . The model reproduced qualitatively the temperature change. It provides a maximum cladding temperature higher by 105 ˚C.
The computed cladding surface and the center line temperature change of the outer unheated rod at elevation 950mm during the transient and quench phases are shown in Fig. 8 and Fig. 9 . The results are in agreement with the measured temperatures during quench phase. The deviation between the predicted maximum temperature and the measured one by thermocouple TFSU 10/4/13, which is located on the surface of the fuel rod simulator 10 group 4 is about 195 ˚C. The difference decreases to about 150 ˚C compared to the TFSU 17/3/13 data. The thermocouple is set on the fuel rod simulator 17, which is placed at group 3.
The excellent accordance between the predicted and measured shroud temperatures is depicted in Fig. 10 . The deviation between the maximum predicted temperature and the measured TSH 13/90 value is about 15 ˚C. The comparison of the other thermocouple (TSH 13/270) gives a difference of 170 ˚C.
The time history of the shroud surface temperature at elevation 1150 mm is presented in Fig. 11 . Fig. 12 shows the integral hydrogen production. The model overestimates the amount of generated hydrogen by 37 grams, which is with 64% higher than the measured. 
CONCLUSIONS AND OUTLOOK
The RELAP/SCDAP/MOD3.5 model of the QUENCH-12 experiment using the "wolfhn" heater rod is created and tested. It is validated against measured data. The numerical model, which is solved by using an automatic time advancement option, predicts results which are in good agreement with the experimental data. It reproduces qualitatively the measured data during all phases of the experiment. The bundle temperatures during the preoxidation phase are over predicted. Up to elevation 750 mm, the maximal deviation between the predicted and measured bundle temperatures during the transient phase is about 100 ˚C. The temperature difference increases with the height of the test bundle, as in elevation 950 mm it reaches about 310 ˚C.
A larger area of shroud melting is predicted. It covers the bundle section up to elevation 1150 mm. The model overestimates the measured hydrogen by 64%, as gives integral hydrogen production equal to 92 grams.
The subject of future work is the study of the numerical uncertainty of different axial and radial discretization, as well as the used numerical methods. 
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